OBJECTIVEdTo investigate associations between serum cathepsin S, impaired insulin sensitivity, defective insulin secretion, and diabetes risk in a community-based sample of elderly men without diabetes.
A dipokines, inflammatory cytokines secreted from adiopose tissue, have been suggested to play a key role in the development of insulin resistance and diabetes (1) . Cathepsin S is a potent cysteine protease that is highly expressed and secreted in adipose tissue of obese individuals (2) and has been suggested to be an important regulator of inflammatory activity (3) . We thus hypothesized that cathepsin S levels would be involved in the early dysregulation of glucose and insulin metabolism before development of diabetes. Accordingly, we investigated the association between serum cathepsin S and the two major underlying causes of diabetesdimpaired insulin sensitivity and impaired insulin secretiondin a community-based sample of elderly men without diabetes. In secondary analyses, we also investigated the longitudinal association between serum cathepsin S and the incidence of diabetes.
RESEARCH DESIGN AND
METHODSdThe design and selection criteria of the Uppsala Longitudinal Study of Adult Men (ULSAM) have been described previously (4) , and further details can be found on the Internet (http://www. pubcare.uu.se/ULSAM/). The present analyses are based on the third examination cycle (baseline 1991-1995; n = 1,221, mean age 71 years) where 1,161 men were free from diabetes. Of these, 905 men had valid measurements of cathepsin S and covariates. Follow-up data on diabetes status at the fourth examination cycle (1998) (1999) (2000) (2001) (2002) were available for 597 participants.
Venous blood samples were drawn at baseline and stored at -708C until analysis. Serum levels of cathepin S was measured by enzyme-linked immunosorbant assay (human cathepsin S [Total], DY1183, R&D Systems) in frozen samples (mean freezer time 14.6 years [range 12.9-16.7]) (5). Serum levels of highsensitivity C-reactive protein, interleukin (IL)-6, adiponectin, cystatin C, and triglycerides were performed as previously described (5). Diabetes was diagnosed as fasting plasma glucose $7.0 mmol/L ($126 mg/dL) or use of oral hypoglycemic agents or insulin.
The euglycemic-hyperinsulinemic clamp technique according to DeFronzo (6) was used, with a slight modification to suppress hepatic glucose production (7), for estimation of in vivo sensitivity to insulin. The glucose infusion rate during the last hour (M value) was used as the measure of insulin sensitivity. An oral glucose tolerance test (OGTT) was performed, and b-cell function was estimated by the early insulin response: [(insulin 30min 2 insulin 0min )/(glucose 30min 2 glucose 0min )]. 
Statistical analysis
Linear regression analyses were used in separate multivariable models to assess cross-sectional associations between cathepsin S (independent variable) and insulin sensitivity (dependent variable) or insulin secretion (dependent variable) ( Table 1) . Logistic regression was used to investigate the longitudinal association between cathepsin S and the development of diabetes.
RESULTSdBaseline characteristics of the study population are presented in Supplementary Table 1. Higher serum cathepsin S was significantly associated with decreased insulin sensitivity (glucose disposal rate, M) in all multivariable (models A-E, Table 1 ), but no association was found between cathepsin S and early insulin response. The results were similar in participants with BMI ,30 kg/m 2 ( Table 1) .
At the follow-up after 6 years (median follow-up 6.5 years [range 4.5-9.2]), 41 participants had developed diabetes. One SD increase in cathepsin S at baseline was associated with a 41-48% risk of developing diabetes in all multivariable models (model D: odds ratio per SD increase 1.48 [95% CI 1.08-2.01], P = 0.01, Supplementary Table 2 ).
CONCLUSIONSdOur study suggests that increased cathepsin S levels are involved in the early dysregulation of glucose and insulin metabolism, before the development of diabetes.
Comparison with the literature Previous data on the association between circulating cathepsin S and the underlying causes of diabetes are scarce. A small study in women observed no associations between serum cathepsin S and insulin sensitivity, as evaluated by the quantitative insulin-sensitivity check index (QUICKI) (8) . However, QUICKI results have limitations as an indicator of insulin sensitivity (9) which may explain the discrepancy with the current study. One study reported increased cathepsin S levels in patients with type 2 diabetes (10). However, the longitudinal association of cathepsin S and diabetes incidence has not been reported previously.
Potential mechanisms
Our understanding of the importance of adipose tissue-induced inflammation in the development of insulin resistance and diabetes is increasing (1). Cathepsin S may play a part in this process. Cathepsin S is released by macrophages (11) and participates in the pathophysiologic remodeling of extracellular matrix (12) , which leads to adipogenesis and/or adipose cell hyperthrophy (13) . This adipose tissue expansion may trigger hypoxia, which in turn results in local low-grade inflammation that has been suggested to be a causal link to insulin resistance (14) . Also, cystatin C, the endogenous inhibitor of cathepsin S, has been found to be elevated in obese subjects, both in the circulation and in adipose tissue expression, independently of reduced estimated glomerular filtration rate, which could be a reflection of adipose tissue growth control through cathepsin inhibitions (13) . The associations between cathepsin S and insulin sensitivity were independent of adiposity measures, inflammatory markers, and cystatin C in the current study, which would argue against adipose tissuederived inflammation as the sole mechanistic explanation of our results. Still, we cannot rule out that there may be substantial residual confounding because the adiposity measurements and circulating inflammatory markers used in the current study may both be poor proxies for specific inflammation in adipose tissue. Cathepsin S has also been shown to be associated with triglyceridemia (8) and an increased cardiovascular risk (5), but these mechanisms did not appear to mediate the present associations (model E, Table 1 ).
Clinical implications
The development of selective inhibitors of cathepsin S is currently pursued by several pharmaceutical companies (15), but whether cathepsin S inhibitors improve insulin sensitivity or prevent diabetes remains to be established.
Limitations
Limitations of the study include the unknown generalizability to women and other age and ethnic groups, the large number of participants lost to follow-up, and the modest number of incident diabetes events during follow-up. Also, it is not possible to establish causality with a cross-sectional study design, and there is a risk of reverse causation. Further studies are needed for validation, for exploration of the underlying pathophysiology, and for evaluation of the clinical utility of measuring cathepsin S.
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